Introduction
Patellofemoral pain (PFP) is recognised worldwide as the most frequently diagnosed knee complaint in patients younger than 50 years of age (Boling et al., 2010; Hall et al., 2015) . Typical clinical presentation includes anterior or retro-patellar pain exacerbated during functional tasks such as squatting, running and stair descent (Collins et al., 2008) . Those experiencing PFP often have major limitations of recreational activities and athletic participation, with subsequent reduction in activity levels having potential long term implications to patient health, as well as being a burden on healthcare costs (Odumenya et al., 2011) .
The aetiology of PFP is multifactorial with local joint impairment, as well as proximal factors related to the hip, and distal factors related to the foot which are thought to influence knee mechanics and contribute to development of PFP (Crossley et al., 2016) . Due to the considerable debate as to causative factors of the condition, clinicians often employ a variety of conservative treatment options (Barton et al., 2010) . However, the long term success of current treatment strategies is questionable with patients' reporting unfavourable outcomes one year after completion of a PFP rehabilitation program (Collins et al., 2013) .
Expert consensus statements emerging from the international PFP community suggests that identifying broad subgroups of patients who demonstrate similar modifiable risk factors and implementing tailored management strategies may result in improved patient outcomes (Crossley et al., 2016) . However, only a limited number of studies have attempted a subgrouping approach within a PFP population, with the majority indicating that patients could be grouped according to variations in lower extremity movement patterns when compared to noninjured individuals over a range of dynamic tasks (Keays et al., 2014; Selfe et al., 2016; Selhorst et al., 2015) .
For example, a cross sectional study reported that 66% of a PFP sample could be classed as being in a subgroup that demonstrated altered frontal plane knee alignment in the form of dynamic knee valgus during activities including walking, shallow knee bends and ascending stairs (Keays et al., 2014) . Control of frontal plane knee motion during dynamic motion is important, as dynamic knee valgus may result in uneven distribution of load across the PFJt and contribute to aetiology or exacerbation of PFP symptoms (Powers, 2010) . However, caution should be adopted when interpreting the results as faulty movement patterns were classified as lower extremity kinematics that "deviated from neutral" and were assessed by visual observation alone. The lack of objective assessment criteria means that the findings are of limited value to clinicians aiming to distinguish between patients with and without altered frontal plane knee kinematics. Alternative assessment techniques that can be accessed and utilised within the clinical setting that allows quantification of dynamic knee valgus are required to allow clinicians and researchers to more accurately subgroup PFP patients.
Two-dimensional (2-D) video analysis of the frontal plane projection angle (FPPA) may provide clinicians with an accurate, inexpensive and readily available tool that can be used to assess for dynamic knee valgus in PFP patients during functional tasks. It has previously been reported that 2-D FPPA measured during single leg squats (SLS) correlates with 3-D kinematics of the knee in females with PFP (Willson and Davis, 2008b) , supporting the clinical utility of this test within the PFP population. Clinical assessment of 2-D FPPA in individuals with and without PFP during functional tasks may increase knowledge as to the role of dynamic knee valgus in PFP, which may be beneficial in identifying subgroups of patients who display similar frontal plane knee alignment profiles.
Therefore, the aim of the study was to assess for dynamic knee valgus in individuals with and without PFP by determining frontal plane knee alignment (2-D FPPA) during single limb stance and SLS. It was hypothesised that individuals with PFP would exhibit greater dynamic knee valgus compared to non-injured subjects. In addition, the study also aimed to examine the ability of 2-D FPPA to discriminate between injured and non-injured subjects to assess the suitability of this measure as a clinical assessment tool able to identify individuals at risk of PFP.
Methods

Subjects
An a priori sample size calculation was conducted using α = 0.05, β = 0.20 and between group differences of expected variability in 2-D FPPA data collected from previous studies in PFP patients (Herrington, 2014; Willson and Davis, 2008a) . Results indicated that 25-30 subjects per group were necessary to adequately power the study and identify between group differences with a medium to large effect size (ES). Subjects were recruited via advertisement from University populations, local running clubs, and podiatry clinics. Both females and males aged 18-40 years were recruited as, although PFP is more likely to affect females, it can affect males and commonly affects individuals within this age bracket (Boling et al., 2010) . All subjects were required to be recreationally active, participating in at least 3 h of physical activity a week. Potential subjects were assessed by a musculoskeletal podiatrist with five years clinical experience for specific criteria to be recruited to the PFP group (Table 1) . Control subjects were required to be free from lower extremity injury for the past 12 months. After screening, thirty subjects diagnosed with PFP (18 females and 12 males) and thirty painfree controls (15 females and 15 males) were identified to take part in the study. Written informed consent was obtained from all subjects and the study was approved by the University Research Ethics Panel.
Instrumentation
Two-dimensional video footage of static and dynamic conditions were recorded by two commercially available digital video cameras (Sony Handycam DCR-HC37, Tokyo, Japan) sampling at a frequency of 40 Hz, and recording at a standard (10×) optical zoom throughout each trial. Camera 1 was placed at a distance of 3 m from the subject perpendicular to the frontal plane and at knee height, whilst camera 2 was placed at the same height and distance from the subject and perpendicular to the sagittal plane. Digital footage recorded by both cameras was synchronised at the point of initial ground contact, determined using a light stimulus within the digital video camera's field of view.
Testing procedures
Prior to data collection, reflective markers (9 mm) were attached to the anterior superior iliac spine (ASIS), the midpoint of the femoral condyles (to approximate the knee joint centre), and the midpoint of the lateral malleolus (to approximate the ankle joint centre) (Willson and Davis, 2008b) . Joint midpoints were determined using a standard tape measure, and all markers were placed by the same researcher.
For both single limb stance and SLS, each subject was instructed to stand barefoot on the test limb with the hip and knee extended in a natural stance position, whilst the contralateral limb was flexed to 90°, their arms folded in front of their body and looking straight ahead. For the SLS, subjects were asked to squat to approximately 60°of knee flexion in a controlled manner and without losing balance, before returning to the starting position. In-keeping with an approach to more closely resemble clinical practice (Weeks et al., 2012 ) squat depth was not standardised, but was limited to approximately 60° (Claiborne et al., 2006) in order to avoid higher joint forces that may exacerbate knee pain symptoms (Wallace et al., 2002) .
A standard long-arm goniometer aligned with the tibiofemoral joint was used to indicate the knee angle in the sagittal plane, with feedback given on the depth of each squat. Squats were performed over a 5 s period at a standardised speed with the researcher acting as a counter. The first count initiated the movement, the third indicated the lowest point of the squat and the fifth indicated the end. There was a 2 min recovery period between squats to minimise the effect of fatigue. Trials were only accepted if the subject appeared to squat the 60°minimum desired degree of knee flexion at a constant speed and maintained balance throughout. To maintain consistency, trials not meeting these criteria were excluded. Prior to testing, subjects were allowed up to 5 practice trials in order to warm-up and familiarise themselves with the test. • Experience symptoms of non-traumatic knee pain in the PFJt region for at least 2 months (bilateral or unilateral).
• Verbal pain score of at least 3 (moderate pain) on a 10-point scale during at least two activities including squatting, prolonged sitting, ascending and descending stairs, running or jumping.
• Report greater than a 14-point deficit on the Anterior Knee Pain Scale (AKPS) (Kujala et al., 1993) .
• Presence of 2 of the following clinical criteria on assessment: pain during apprehension test, pain during the patellar compression test, and crepitation during the compression test. Exclusion criteria
• Previous knee surgery.
• History of patellar dislocation, subluxation or ligament laxity.
• Concomitant injury or pain from the lumbar spine, hip or other knee structures.
• Previous physical therapy treatment for the knee or hip in the previous 30 days.
• History of balance or postural problems.
• Limb length discrepancy (> 2 cm).
Data analysis
Digital footage of single limb stance and SLS were imported and markers digitised using Quintic Biomechanics software package (9.03 version 17, Quintic Consultancy Ltd., Coventry, UK), with all digitising performed by the same researcher. The 2-D FPPA of each limb was calculated in static single limb stance and then again during SLS (60°of knee flexion). As described by Willson and Davis (2008b) from a frontal view, when the knee marker was medial to a line from the ankle marker to the thigh marker, the FPPA was negative (Fig. 1) .
The FPPA was positive if the knee marker was lateral to a line drawn from ankle marker to the thigh marker. Negative FPPA values reflected knee valgus, excursion of the knee toward the midline of the body and positive FPPA values reflected knee varus. The test-retest reliability of this method for quantifying frontal plane knee alignment during SLS has been established previously (ICC 3, 1 = 0.86, 95% CI = 0.94 to 0.72; SEM = 2.10°) (Gwynne and Curran, 2014) . All data was collected for the injured limb in subjects with PFP, and for those with bilateral symptoms, the most symptomatic limb was used. For the uninjured group, the dominant limb, defined as the limb used to kick a ball was assessed.
Statistical analysis
The mean value from three trials was used for analysis of FPPA data (Van der Leeden et al., 2004) . All statistical analysis was conducted using SPSS (Version 24.0 Chicago, IL, USA), with α set at 0.05 for all analyses. Paired t-tests (2-tailed) were used to compare within-group differences in FPPA between static and dynamic trials, with independent t-tests (2-tailed) used to compare between-group differences. Effect sizes (ES) were calculated to illustrate the magnitude of the difference between conditions and groups, with small effects equal to 0.20 to 0.50, a medium being between 0.50 and 0.80 and a large effect considered > 0.80 (Portney and Watkins, 2008) .
Receiver operating characteristic (ROC) curves were derived to estimate the area under the curve (AUC) for sensitivity vs 1-specificity for 2-D FPPA and its ability to discriminate between injured and non-injured participants. AUC values range from 0 to 1.0, with a score of 1.0 having the ability to perfectly discriminate between conditions. Classification of AUC scores can be interpreted as excellent (0.90 to 1.0), good (0.80 to 0.90), fair (0.70 to 0.60), and weak (> 0.50), with a cut-off level of 0.50 used to indicate a failed point of sensitivity (Obuchowski, 2003) .
Results
Subjects in the PFP and uninjured group were well matched for age, height, weight and foot length (Table 2 ). Significant between-group differences were observed with PFP subjects demonstrating increased 2-D FPPA compared to uninjured subjects during SLS (P = .003; ES = 0.68) (Fig. 2) . In addition, within-group comparisons revealed significantly greater 2-D FPPA exhibited by the PFP group during SLS compared to stance (P < .001; ES = 0.61). In contrast, no significant differences were found between static and dynamic conditions in the uninjured group (P = .550; ES = 0.29). The ROC curves in Fig. 3 indicate that 2-D FPPA had fair specificity and sensitivity of discriminating PFP injury with an AUC of 0.73 (95% CI = 0.60 to 0.86; P = .002).
Discussion
Considerable debate still exists as to the multifactorial aetiology of PFP, with dynamic knee valgus suggested to play a role in the development of this common knee condition. The lack of consensus has led to clinicians commonly using a variety of assessment techniques and treatment approaches with limited success. Therefore, the aim of the study was to assess for dynamic knee valgus in individuals with and without PFP by determining 2-D FPPA during single limb stance and SLS to identify possible subgroups of PFP patients. The study also aimed to examine the ability of 2-D FPPA to discriminate between injured and non-injured subjects to assess the suitability of this measure as a clinical assessment tool able to identify individuals at risk of PFP.
To date, this is the first study that has attempted to investigate 2-D FPPA as an assessment tool to subgroup PFP patients who demonstrate dynamic knee valgus during a SLS. It was found that individuals with PFP exhibited significantly greater 2-D FPPA compared to the non-injured group during SLS. The study also aimed to examine the predictive were compared using independent t-tests.
capability of 2-D FPPA to differentiate between individuals with and without PFP, with ROC curve analysis indicating that increased 2-D FPPA was a fair predictor of PFP injury. Interestingly, both the PFP and uninjured group displayed similar 2-D FPPA during single limb stance, indicating that differences in frontal plane knee alignment did not already exist between the groups prior to performing the SLS. As FPPA remained unchanged in the non-injured group during static stance and SLS, but increased in the PFP group, it may be that alterations in frontal plane knee alignment associated with PFP are only evident during performance of tasks that demand greater neuromuscular control of the lower limb. This may have implications for clinical practice as it may be useful for clinicians to assess both static and dynamic tasks when assessing for abnormal frontal plane knee alignment in PFP, as altered mechanics may only be observable during more demanding dynamic tasks such as the SLS.
These findings are in agreement with previous studies that have assessed 2-D FPPA during similar static and dynamic tasks in individuals with PFP (Herrington, 2014; Willson and Davis, 2008b) . Willson and Davis (2008b) were one of the first studies to assess 2-D FPPA in PFP patients, with the authors reporting that individuals with PFP demonstrated excessive 2-D FPPA compared to control subjects during a SLS task, and no significant differences in frontal plane knee alignment between groups during single limb stance. More recently, Herrington (2014) found that 2-D FPPA was increased in individuals with PFP (−16.8°) compared to a healthy control group (−8.4°) during SLS.
The importance of these findings in the context of PFP is that excessive frontal plane knee alignment displayed during dynamic activity has been suggested to create a larger lateral vector and a greater predisposition to lateral patellar tracking (Lee et al., 2003) . Subsequent increases in contact pressure on the facets of the patella ipsilateral to the direction of the tibial rotation (Powers, 2003) is then suggested to increase PFJt stress and aetiology or exacerbation of pain symptoms (Powers, 2003) . This assumption is supported by the work of Huberti and Hayes (1984) who reported that a 10°increase in valgus alignment of the knee resulted in a 45% increase in peak contact pressure on the lateral aspect of the PFJt. The clinical significance of the findings is that 2-D FPPA may be employed as a clinical assessment tool to identify a subgroup of patients with PFP who exhibit dynamic knee valgus during SLS. In addition, 2-D FPPA may be a useful method to be used by clinicians to discriminate between individuals at a higher or lower risk of developing PFP.
Current evidence suggests that identifying PFP patients with similar modifiable risk factors may be useful in establishing broad subgroups of PFP patients who can then undergo individualised management programmes (Barton et al., 2015) . Altered lower extremity mechanics characterised by dynamic knee valgus may result from proximal factors including poor proximal neuromuscular control and/or weakness of the hip musculature (Dierks et al., 2008; Reiman et al., 2009) . Factors distal to the knee related to abnormal foot pronation (Barton et al., 2012; Willson et al., 2015) may also contribute to dynamic knee valgus. Therefore, once identified, patients may undergo individualised training programmes directed at proximal and/or distal factors associated with dynamic knee valgus, with the aim of modifying the presenting abnormal frontal plane knee kinematics.
The main limitation of this study is that the cross-sectional design limits the ability to establish cause and effect. Therefore, it is difficult to determine whether excessive frontal plane knee alignment is an important factor in PFP aetiology, or is a possible consequence of movement strategies exhibited in response to the onset and progression of knee pain or in anticipation of knee pain. Previous prospective studies assessing 3-D lower limb kinematics in runners and military recruits have suggested that components of dynamic knee valgus, including increased hip adduction and internal rotation were present prior to development of PFP, and not a compensatory strategy (Boling et al., 2009; Noehren et al., 2013) . In addition, the results of this study are based on biomechanical data with no assessment of PFJt stress, therefore it is not known what effect excessive frontal plane deviation of the knee would have on PFJt loading, or its contribution to PFP.
Conclusion
Two-dimensional FPPA may be utilised within the clinical practice to subgroup patients with PFP that display dynamic knee valgus during functional activity. Furthermore, this measure may be useful for clinicians to determine individuals that may be at risk of developing PFP in the future based on assessment of frontal plane knee alignment during a SLS. An association between dynamic knee valgus and PFP may be addressed with rehabilitation strategies aimed at modifying the abnormal movement pattern presented in this patient subgroup.
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